Abstract. Ever since the very first photometric studies of Centaurs and Kuiper Belt Objects (KBOs) their visible color distribution has been controversial. That controversy gave rise to a prolific debate on the origin of the surface colors of these distant icy objects of the Solar System. Two different views attempt to interpret and explain the large variability of colors, hence surface composition. Are the colors mainly primordial and directly related to the formation region, or are they the result of surface evolution processes? To date, no mechanism has been found that successfully explains why Centaurs, which are escapees from the Kuiper Belt, exhibit two distinct color groups, whereas KBOs do not. In this letter, we readdress this issue using a carefully compiled set of B − R colors and H R (α) magnitudes (as proxy for size) for 253 objects, including data for 10 new small objects. We find that the bimodal behavior seen among Centaurs is a size related phenomenon, common to both Centaurs and small KBOs, i.e. independent of dynamical classification. Further, we find that large KBOs also exhibit a bimodal behavior of surface colors, albeit distinct from the small objects and strongly dependent on the 'Haumea collisional family' objects. When plotted in B − R, H R (α) space, the colors of Centaurs and KBOs display a peculiar N shape.
Introduction
Discovered just 20 years ago (Jewitt & Luu 1993) , the Kuiper Belt holds a vast population of icy bodies orbiting the Sun beyond Neptune. Stored at very low temperatures (∼30-50 K), the Kuiper Belt Objects (KBOs) are expected to be well-preserved fossil remnants of the solar system formation. Presently, ∼1600 KBOs have been identified and classified into several dynamical families (see Appendix A and Gladman et al. 2008 , for a review). KBOs which dynamically evolve to become Jupiter Family Comets (JFCs) form a transient population, the Centaurs, with short-lived chaotic orbits between Jupiter and Neptune (Kowal et al. 1977; Fernandez 1980; Levison & Duncan 1997 ).
Between 1998 and 2003, we witnessed a debate on the surface colors of KBOs and Centaurs. One team used very accurate surface colors and detected that KBOs were separated into two distinct color groups (Tegler & Romanishin 1998 , 2000 . Other teams did not find evidence for such color bimodality Jewitt & Luu 2001; . Careful reanalysis of the data by Peixinho et al. (2003) indicated that only the Centaurs display bimodal colors, i.e. they are distributed in two distinct color groups, one with neutral solar-like colors, and one with very red colors. KBOs on the other hand exhibit a broad continuous color distribution, from neutral to very red, with no statistical evidence for a color gap between the extrema (Tegler et al. 2008 , for a review).
The relevance of this controversy lays on two possible interpretations: i) KBOs and Centaurs are composed of intrinsically different objects, with distinct compositions, which probably formed at different locations of the protosolar disk, ii) KBOs and Centaurs are originally similar but evolutionary processes altered them differently, hence their color diversity. Most research focused on the latter hypothesis, offering little improvement on our understanding of the color distributions. proposed that the competition between a reddening effect of irradiation of surface ices (Thompson et al. 1987 ) and a bluing effect due to collisional induced resurfacing of fresh, nonirradiated, ices might generate the observed surface colors. The same authors, however, rejected this model as being the primary cause of the color diversity, due to the lack of predicted rotational color variations (Jewitt & Luu 2001) . Based on the same processes, Gil-Hutton (2002) proposed a more complex treatment of the irradiation process, by implying an intricate structure of differently irradiated subsurface layers. However, the collisional resurfacing effects became very hard to model, thus making it very hard to provide testable predictions. Later, Thébault & Doressoundiram (2003) showed that the collisional energies involved in different parts of the Kuiper Belt did not corrobo-rate the possible link between surface colors and non-disruptive collisions. Delsanti et al. (2004) refined the first-mentioned model by considering the effects of a possible cometary activity triggered by collisions, and a size/gravity-dependent resurfacing. Cometary activity can modify the surface properties through the creation of a neutral-color dust mantle. Jewitt (2002) suggested that this process could explain why no JFCs are found with the ultra-red surfaces seen in about half of the Centaurs. It has also been proposed that the sublimation loss of surface ice from a mixture with red materials may be sufficient to make the red material undetectable in the visible wavelengths (Grundy 2009 ). These might explain the Centaur color bimodality, as long as all were red when migrating inwards from the Kuiper Belt. Although promising, these models did not provide an explanation for the color bimodality of Centaurs, as they fail to reproduce the bluest colors observed and their frequency.
Observations and Data Reduction
Observations of 7 KBOs and 1 Centaur were taken at the 8.2 m Subaru telescope, on 2008-07-02, using 0. 206/pix (Landolt 1992) at different airmasses for each filter, obtaining the corresponding zeropoints, solving by non-linear leastsquare fits the transformation equations, directly in order of R and (B − R), using IRAF's PHOTCAL package. The characteristics of the filters used on each telescope were essentially equal (Tab. 1). Subaru's data was calibrated using Landolt standard stars: 107-612, PG1047+003B, 110-230, Mark A2, and 113-337, taken repeatedly at different airmasses. UH2.2m's data was calibrated, analogously, using the stars: 92-410, 92-412, 94-401, 94-394, PG2213-006A and PG2213-006B. These stars have high photometric accuracy and colors close to those of the Sun. We have used the typical extinction values for Mauna Kea, k B = 0.19, and k R = 0.09 (Krisciunas et al. 1987 , and CFHT Info Bulletin #19). All fits had residuals rms < 0.02, which were added quadratically to the photometric error on each measurement. Targets were observed twice in B and twice in R bands, to avoid object trailing in one long exposure. Each two B or R exposures were co-added centered in the object, and also coadded centered on the background stars. The former were used to measure the object, the latter to compute the growth-curve correction. The time and airmass of observation were computed to the center of the total exposure. We applied growth-curve correction techniques to measure the target's magnitudes using IRAF's MKAPFILE task (for details, see Peixinho et al. 2004) . Observation circumstances and results are shown in Table 2 .
Compilation of Data
We compiled the visible colors for 290 objects (KBOs, Centaurs, and Neptune Trojans) for which the absolute magnitude in R or V band was accessible (e.g. with individual magnitudes and observing date available), and surface spectra information for 48 objects, as published in the literature to date (Feb. 2012) . We computed the absolute magnitude H R (α) ≡ m R (1, 1, α) = R−5 log (r·∆), where R is the R-band magnitude, r and ∆ are the helio-and geocentric distances in AU, respectively. In this compilation, 253 objects have B−R color available which is the focus of this paper (see Table A .1), and 48 have also spectral information. The description of the compilation method is presented in Appendix A. Sun-Object-Earth phase angles α are, typically, less than 1.5
• for KBOs and less than 4
• for Centaurs. Measurements of magnitude dependences on the phase angle for • ], are scarce but, so far, do not show evidence for extreme variability presenting an average value of β = 0.11 ± 0.05 (Belskaya et al. 2008 ). From the linear approximation
by not correcting the absolute magnitude from phase effects we are slightly overestimating it. We will deal with this issue in Sec. 5.
Recent works have shown that there is no strong correlation between object diameter D and geometric albedo p V , nor between geometric albedo p V and absolute magnitude H R (Stansberry et al. 2008; Santos-Sanz et al. 2012; Vilenius et al. 2012; Mommert et al. 2012) . However, from the 74 diameter and albedo measurements of Centaurs and KBOs made using Herschel and/or Spitzer telescopes, published in the aforementioned works, we verify that H R and D correlate very strongly with a Spearman-rank correlation of ρ = −0.92
+0.03
−0.02 , with a significance level S L 0.01% (error bars computed using bootstraps, for details see Doressoundiram et al. 2007 ). Consequently, absolute magnitude is a very good proxy for size.
An N-shaped Doubly Bimodal Structure
In Fig. 1 we plot R-band absolute magnitude H R (α) (proxy for object's size) against B − R color for all (n = 253) objects in our database. The cloud of points forms a recognizable N shape with an apparent double bimodal structure in color. The smaller objects (upper part of the plot) show a bimodal B − R distribution. Although apparently dominated by Centaurs, this bimodal distribution also includes KBOs of similar H R (α), which suggests that the bimodal structure in B − R color is a property of the smaller objects in general, regardless of their dynamical family. This bimodality appears do disappear for objects with H R (α) 7 where the B − R color distribution seems unimodal. Most interestingly, we note that towards the larger objects (lower part of the plot) the colors suggest the presence of another bimodal behavior, with the gap between the two groups shifted towards the blue with respect to the 'small' object bimodality. This new 'large' object bimodality is explicitly reported for the first time.
When performing hypotheses testing one should adopt a critical value of significance α. The value α is the maximum proba- 6.8 separate into two color groups with a 'gap' centered at B − R ∼ 1.60. Objects with H R (α) 5.0 also show statistical evidence for separation in two colors groups but with a 'gap' centered at B − R ∼ 1.25. Objects spectra with known features of water ice, methane, methanol, and featureless spectra, are coded using colors as described in the legend. There is no obvious/clear connection between B−R colors and the presence of spectral features.
bility (risk) we are willing to take in rejecting the null hypothesis H 0 (i.e. to claim no evidence for bimodality) when it is actually true (i.e. data is truly bimodal/multimodal) -also called type I error probability. Such value is often a source of debate, as the theories of hypotheses testing themselves (e.g. Lehmann 1993 ). The decision relies mostly whether the effects of a right or wrong decision are of practical importance or consequence. The paradigm is: by diminishing the probability of wrongly reject a null hypothesis (e.g. decide for bimodality when bimodality was not present in the parent population) we increase the probability of wrongly accepting the null hypothesis (i.e. deciding for unimodality when bimodality was in fact present), also called type II error probability, or risk factor β. Some authors and/or research fields, consider that there is only sufficient evidence against H 0 when the achieved significance level is S L < 0.3%, i.e. using α = 0.3% (the 3σ Gaussian probability), others require even α = 0.0003% (6σ). Such might be a criterion for rejection of H 0 but not a very useful 'rating' for the evidence against H 0 , which is what we are implicitly doing. We rate the evidence against H 0 following a most common procedure in Statistics: S L < 5% -reasonably strong evidence against H 0 , S L < 2.5% -strong evidence against H 0 , and S L < 1% -very strong evidence against H 0 (e.g. Efron & Tibshirani 1993) , adding also the common procedure in Physics: S L < 0.3% -clear evidence against H 0 . Further, for better readability, throughout this work we may employ the abuse of language 'evidence for bimodality' instead of the statistically correct term 'evidence against unimodality'.
Using the R software's (version 2.14.1; R Development Core Team 2011) Dip Test package (Hartigan 1985; Hartigan & Hartigan 1985; Maechler 2011 ) we test the null hypothesis H 0 : 'the sample is consistent with an unimodal parent distribution' over all objects in the B − R vs. H R (α) space, against the alternative hypothesis H 1 : 'the sample is not consistent with an unimodal parent distribution' (hence it is bimodal or multimodal). The full sample, in spite of the apparent two spikes, shows no relevant evidence against color unimodality, neither with (n = 253, S L = 17%) nor without (n = 224, S L = 41%) Centaurs (see Fig. 2 a) . The Centaur population (n = 29) shows strong evidence against unimodality at 1.6%. Removing the 3 brightest Centaurs (with H R (α) 6.6) improves the significance to 0.3%. To refine the analysis and test different ranges in H R (α) we ran the Dip Test on sub-samples using a running cutoff in H R (α) that was shifted by 0.1 mag between consecutive tests.
Bimodal distribution of 'small' objects: We performed iterative Dip Tests with a H R: cut starting at the maximum H R (α) value, and decreasing in steps of 0.1 mag; in each iteration we run the test on those objects above the cutoff line (i.e. with H R (α) H R: cut ). We stop shifting H R: cut when we detect the maximum of evidence against unimodality (i.e. a minimum of significance level, henceforth accepting the alternate hypothesis 'the distribution is bimodal/multimodal') Evidence for bimodality at significance levels better than 5% start to be seen for objects with H R (α) 7.1. This evidence peaks at a significance of 0.1% for the 124 faint objects with H R (α) 6.8.
We propose that the visible surface color distribution of (non-active) icy bodies of the outer Solar System depends only on objects size, and is independent of their dynamical classification. No mechanism has yet been found to explain the color bimodality only for Centaurs. However, since such mechanism might exist even if not yet found, we re-analyze the sample removing the Centaurs. Naturally, the sampling of the smaller objects diminishes considerably, hence reducing the statistical significance against the null hypothesis (i.e. increases the probability of observing two groups on a purely random distribution of colors). Nonetheless, the 98 remaining objects with H R (α) 6.8 show evidence for bimodality at a significance level of 3.5%, reaching a significance minimum of 1.8% for the 165 objects with H R (α) 5.8. In both cases the 'gap' is centered around B − R ∼ 1.60 (see Figs. 1 and 2 b) .
Bimodal distribution of 'large' objects: We test the brightest part of the sample using a cutoff limit starting at the minimum H R (α) value; we consider objects below the cutoff (i.e. brighter than H R: cut ) and shift it up in steps of 0.1 mag. We find very strong evidence against unimodality for objects with H R (α) 5.0 (S L = 0.9%). Data still shows reasonably strong evidence against unimodality for objects up to H R (α) 5.6. The 'gap' is located at B − R ∼ 1.25. There are no Centaurs in this brightness range. Explicitly, evidence for 'large' objects bimodality has not been previously reported. (see Figs. 1 and  2 c) . Removing from the sample the 7 objects belonging to the 'Haumea collisional family' (Brown et al. 2007b; Snodgrass et al. 2010) , all clustered on the lower left 'leg' of the N shape, erases the statistical evidence against the null hypothesis, even if still suggestive to the eye. Therefore, with the present data sample, the 'evidence for bimodality' among bright KBOs cannot be stated as independent from the peculiar properties of the Haumea collisional family.
The 'intermediate' size continuum: The 91 objects with 6.8 > H R (α) > 5.0, which include 3 Centaurs, do not show evidence against a unimodal behavior (S L = 98.0%) even if a small gap seems suggestive to the eye (see Figs. 1 and 2 d) . However, statistically, their inclusion in the fainter group does not decrease the significance below the 'strong evidence against unimodality', i.e. S L = 2.5% (see Figs. 1 and 2 d) . On the other hand, if added to the 'large' objects the statistical evidence for bimodality of 'large' objects does not hold.
To check for the effects of non-correcting H R (α) from phase angle effects we performed Monte-Carlo simulations. First, we compute all the possible α values and their probability distribution for an 'average' Centaur with semi-major axis a = 15 AU. The maximum α is 3.8
• being the median value 3.2 • . Analogously, we do the same for a KBO with a = 40 AU. The maximum α is 1.4
• and the median value 1.2 • . Therefore, on average, our absolute magnitudes might be overestimated by ∆H R ≈ 0.35, for Centaurs, and by ∆H R ≈ 0.13, for KBOs. Simulating 1000 'phase-corrected' H R data-samples, following the probability distribution of the corresponding α angles did not alter any of the results obtained using simply H R (α).
Interpretation
Our analysis shows that the B − R colors of Centaurs and KBOs when plotted as a function of H R (α) display an N-shaped, double bimodal behavior. The color distribution seems to depend on object size (intrinsic brightness) instead of dynamical family. Using the brightness-size-albedo relation D km = 2 2.24 · 10 16 · 10 0.4 (H R −H R ) /p R , with solar H R = −27.10, the main issue is to choose a canonical geometric albedo value p R . Recent works (Stansberry et al. 2008; Santos-Sanz et al. 2012; Vilenius et al. 2012; Mommert et al. 2012) show a wide range of values, for each dynamical family, in some cases far from the 0.04 value previously assumed from comet studies. As we need only a rough estimate of size ranges, we pick the average value of p R = 0.09. Using this parameter, objects with diameters 165 D km 380 present a rather continuous range of B-R colors. Visible and near-infrared (NIR) spectroscopy for about 75 bright objects , for a review) also indicates that the surface compositions of KBOs and Centaurs is very diverse. The largest objects are coated in methane ice, while intermediate size objects display water-ice features, sometimes with traces of other volatiles. Small KBOs generally have featureless spectra. The presence of volatiles on the surface of an object may be related to its ability to retain them, i.e. to its size and temperature (Schaller & Brown 2007) . It should also depend on the subsequent irradiation history (Brown et al. 2011) . However no correlation can be made to date between visible colors and NIR spectral properties. For example, two objects of comparable size, Quaoar and Orcus, both exhibit water ice-dominated surfaces but have, respectively, very red and neutral visible colors .
Objects smaller than ∼100-150 km, including most of the known Centaurs, are believed to be fragments from the collision of larger objects (Pan & Sari 2005) . Predicting the properties of these fragments is a complex task, but the field shows promising advances (for a review, see Leinhardt et al. 2008 ). An immediate hypothesis is that red and neutral objects are the only possible outcomes of a disruptive collision. Thermal evolution modeling suggests that KBOs, especially large ones, should have a layered structure, including some liquid water leading to a complete differentiation of the object (Merk & Prialnik 2006; GuilbertLepoutre et al. 2011) . A catastrophic collision could result in the formation of fragments with very different properties, depending on whether they come from the core of the parent body, or its mantle, or some subsurface layers. However, our current knowledge of KBOs internal properties and evolution is still incipient to support or discard such an hypothesis. Besides, it is hard to understand why objects with B − R ∼ 1.6 (in the gap of the small object's bimodal distribution) should be inexistent. Maybe their relative number is so small compared to the neutral and red groups that we can hardly observe them, leading to another puzzling question. Research on these aspects should be encouraged, in particular the detection and measurement of many more small objects -KBOs and Centaurs -could help further constraining their color distribution and other properties. The objects in the 'intermediate' H R (α) range (6.8 > H R (α) > 5.0) seem unimodally distributed in B − R color; they might represent a transition phase between the two bimodal distributions. These medium-sized objects are probably too large to be remnants from disruptive collisions, and too small to have recently undergone cryovolcanic activity (they may not even be differentiated). They might, actually, represent the only group where the outcomes of the combined effects of different birthplaces, space weathering and thermal processing can be studied or analyzed.
The evidence for bimodal distribution among the largest objects is also puzzling. These are supposedly the best studied objects, yet the evidence for a bimodal distribution of their surface colors has never been reported. Nonetheless, when removing the 7 Haumea collisional family objects from our sample it no longer provides evidence against an unimodal distribution, even if apparent to the eye. This issue should be further analyzed when larger sampling is available.
In this work, we confirm that there is no noticeable link between the surface composition of an object and its visible colors. Objects hosting water ice are distributed both among large and small objects, and among red and blue ones. When it comes to volatiles such as methane (CH 4 ) or methanol (CH 3 OH), we find that they are also distributed among all groups, although they might be more difficult to detect on small/fainter objects. We nonetheless find a cluster of featureless objects among the red group of large objects: these might represent the most irradiated/oldest surfaces in the overall population. Therefore, it seems that a simple explanation such as the model of atmospheric escape proposed by Schaller & Brown (2007) might not be sufficient to explain the colors and compositions of KBOs. The reason why they evolved in two different color groups can be very complex, and should involve different thermal, collisional, irradiation histories, on top of possible different birthplaces.
Summary
In this work we analyze the B−R color distribution as a function of H R (α) magnitude for 253 Centaurs and KBOs, including 10 new measurements, and with the information on their NIR spectral features. Using the known diameters, D, and albedos, p V , of 74 of these objects we verify that H R and D correlate very strongly (ρ = −0.92
validating H R as a good proxy for size. Further, through simulations, we show that not correcting H R (α) to H R (α = 0
• ) does not change any of the global results. Our analysis shows:
1. The B − R vs. H R (α) color distribution is N-shaped, evidencing that B − R colors are probably dominated by a size effect independent from dynamical classification. 2. Small objects, including both KBOs and Centaurs, display a bimodal structure of B − R colors at 0.1% significance level (i.e. objects with H R (α) 6.8, or D km 165, assuming p R = 0.09) with the 'gap' centered at B − R ∼ 1.60. Removing Centaurs from the sample reduces greatly the sampling on small objects reducing also the significance of the result to 3.8%. 3. Large objects evidence also for a bimodal structure, with minimum significance of 0.9%, for H R (α) 5.0 (D km 380, assuming p R = 0.09), and color 'gap' centered at B − R ∼ 1.25. Reasonable evidence for this bimodality starts when considering only objects with H R (α) 5.6 (D km 290) dropping below the critical 5% when reaching H R (α) 4.4 (D km 500). However, this behavior seems dominated by the presence of 7 Haumea collisional family objects which 'cluster' at the lower left leg of the N-shape. Once removed, there is no statistical evidence against compatibility with a random unimodal distribution for the larger KBOs. 4. Intermediate sized objects do not show incompatibility with a continuum of B − R colors (i.e. 6.8 > H R (α) > 5.0, or 165 D km 380, assuming p R = 0.09). These objects seem too large to be remnants from disruptive collisions and too small to hold cryovolcanic activity. They might be the best targets to study the combined effects of different birthplaces, different space weathering, and different thermal processing. Further studies are encouraged. 5. Inspecting the NIR spectral properties against B − R colors shows no obvious link between the colors and the chemical composition of the objects' surfaces. , 7, 10, 11, 13 (15874) 1996 TL 66 Scattered Disk Object 5.131±0.144 1.113±0. 070 6, 7, 12, 13, 14 (15875) 1996 TP 66 Plutino 6.953±0.071 1.678±0. 123 6, 7, 12, 13, 14, 15 (15883) 6, 7, 12, 13, 14, 20, 21, f (19521) 
